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EXECUTIVE SUMMARY

This milestone report summarizes the synthesis routes used to produce ceramic nuclear fuel feedstock at
Oak Ridge National Laboratory (ORNL). The solution-gelation process is used to fabricate microspheres,
which are then converted to ceramic fuel materials using various processing conditions. Resulting fuel
materials include uranium dioxide (UQO,), uranium monocarbide (UC), and uranium mononitride (UN).
The microsphere size distribution, density, and composition of the fuels can be altered using the
conversion routes defined in this report. The resulting materials can be used as the feedstock in a number
of additive manufacturing (AM) processes. The present materials were prepared using depleted or natural
uranium to facilitate exploratory development activities. However, the laboratories used for this work are
authorized for enriched uranium and are actively utilized for this purpose to fabricate fuel test articles for
irradiation. If desired, the techniques demonstrated in this document can be readily used for enriched
material production to support the Transformational Challenge Reactor (TCR) program.

il



TABLE OF CONTENTS

TABLE OF CONTENTS ....coiiiiciiiiunenniiiiiiiiiisiiiniisississssassssssiiiieseesissssssssssssssssssssssstessesssssssssssssssssssssssssssassessssssssssssns v
LIST OF FIGURES.......cciiiiiiiiiiiiiiiiiiinneeiiiiiiitiinniiissssssssssssssssssssseesssssssssssssssssssssssessaseessssssssssssssssssssssssseensessssssssssses Vv
ACKNOWLEDGEMENTS ....uuueiiiiiiiiiiiiiiiiiiniccnsseenniiiiiisisssisssssssssssssssssssssssessssssssssssssssssssssssssssssessssssssssssssssssssnnnnns Vi
ACRONYMS AND ABBREVIATIONS ......coiiiiiiiiinnnnnnnnniiiiiiietiiiiiisisssssssssssiiiiieieesismisss s Vil
1 INTRODUCTION ....cuueieeiiiiiiiiiiiiiiiniiiiisissesesssisiiiiiiissississssssssssssssssmmiieetssiisissssssssssssssssmmeteesessissssssssssssssssnnns 8
2.  SOL-GEL FEEDSTOCK PRODUCTION .....cccitiiiiiiimiiiiiiisiinnnnnenniiiiiiiiiismiiissssssssssssiimmmieessssisss e 9
3 URANIUM DIOXIDE......ccittiiiiiiiiiiiiiiisinnnnsnimiiiiieeiimmmissssssssssmiiimieesiimi s sttt s 11
4. URANIUM MONOCARBIDE..........ccotttieiisnnnnnnnnnmnniiiiieeiinisiiiisssssssssssmimiimieetimss et 13
5 URANIUM MONONITRIDE........ccciiiiiiiunnnnnniiiiiiitiiiiiiiisssssssssssmiiiiieesissssss et s 15
T 10 1 ] 0 N 17
7 REFERENCES .....ouuieeiiiiiiiiiiiiiiiincneeasssininistessnsssss s s sssssssssssssesseessssssssssssssssssssssssssessesssssssssssssssssnnnsnnsnns 18

v



LIST OF FIGURES

Figure 1. The main steps of the sol-gel process [12]............cccoooiiiiiiiiiiiiiieee e
Figure 2. Internal gelation system with major components labeled [14]..................ccccoooiiinne.
Figure 3. Air-dried yellow UO3-H20 microspheres [12].........cccccooiiiiininiiniinniiiieeeeeeeeeeeen

Figure 4. Representative temperature profile for calcination of UOs; microspheres to UO; in

areducing environment [19]...........ccooiiiiiiiiiiiiii e

Figure 5. XRD pattern (plot) of as-calcined 200—240pm UO; microspheres showing the peak
locations for the precluding uranium oxide phases and optical image (upper right)

OF SPREIES. ...ttt ettt ettt e st e st e st e et e e bt e e tt e e tte e nteeenteesanee s
Figure 6. Representative temperature profile for conversion of UO3+C to UC [22].....................

Figure 7. XRD pattern (plot) and optical image (upper right) for 425pm uranium
monocarbide spheres that were fabricated using the temperature profile shown in

FRGUIE O. ..ottt ettt ettt ettt et et e b e r et s

Figure 8. Temperature profile and corresponding conversion steps during synthesis of UN

[B0] . e e e st

Figure 9. XRD pattern (plot) of ~810 pm UN Kkernels, showing the silicon standard peaks
used for lattice parameter analysis and optical image (upper right) of the

TNECTOSPRETES. ....ceoiiiiiiiiiii ettt et sttt ettt

Figure 10. SEM image of the surface (left) and cross-section (right) for a HIPed uranium

1100 o 0 L E S 11 SN

..... 10
..... 10

..... 11

..... 12
..... 13

..... 14

..... 15

..... 16



ACKNOWLEDGEMENTS

The author would like to acknowledge the technical contributions of Rodney Hunt, Sarah Finkeldei, and
Jake McMurray, all of whom had roles in developing the work summarized in this report.



ADUN
AGR
AM
HIP
KEMA
ORNL
Sol-gel
SEM
TD
TRISO
ucC
UFs

UHP

[8[0)}
UO;

XRD

ACRONYMS AND ABBREVIATIONS

acid-deficit uranyl nitrate
Advanced Gas Reactor

additive manufacturing
hot-isostatic pressing

Keuring van Elektrotechnische Materialen te Arnhem
Oak Ridge National Laboratory
solution-gelation

scanning electron microscope
theoretical density

tri-structural isotropic

uranium monocarbide

uranium hexaflouride
ultra-high purity

uranium mononitride

uranium dioxide

uranium trioxide

x-ray diffraction



1. INTRODUCTION

The conventional method used to fabricate commercial ceramic nuclear fuel consists of powder
processing, in which uranium dioxide (UO») powders are cold-pressed and sintered at high temperatures
(1700-1800°C) to form solid cylindrical fuel pellets. Despite the safety requirements for handling of
radioactive powders, these fabrication steps are relatively simple to execute on an industrial level. The
UO, powder feedstock is produced in a conversion process, starting with uranium hexafluoride (UFs). In
addition to powders, alternative feedstock types have been explored, and their feasibility to be used to
produce high-density fuel pellets has been demonstrated. For example, microsphere feedstock produced
via the solution-gelation (sol-gel) method has been successfully used to fabricate UO, fuel pellets using
sphere-pac techniques, where smear densities as high as 92% theoretical density (TD) can be attained
using three different sphere sizes [1]. The primary motivation behind using an alternative feedstock and
fabrication process was twofold: chemistry production of feedstock would require less steps than
conventional powder processing and the use of microspheres eliminates the radiological hazards
associated with dust creation [2].

Various additive manufacturing (AM) techniques are being recognized as feasible alternative methods for
fabricating materials and are now being used in a number of industries to replace conventional methods,
including aerospace and tissue engineering [3,4]. Techniques that have been demonstrated with at least
some success on ceramics include binder jetting [S5], material extrusion [6], powder bed fusion [7],
material jetting [8], and vat photopolymerization (stereolithography) [9]. Based on these successes, these
techniques are also under consideration as viable methods to produce ceramic nuclear fuels.

The Transformation Challenge Reactor (TCR) program at Oak Ridge National Laboratory (ORNL) has
the goal of building an additively manufactured microreactor, thereby analyzing the most current AM
technology for the nuclear industry, including nuclear fuel fabrication. The benefits of using AM to
fabricate nuclear fuels range from geometrical considerations to material-specific advantages [10]. In
addition, the potential for incorporating elements for in-situ monitoring during the build process can be
advantageous for fulfilling regulatory requirements on material quality assurance.

Each AM technique requires a specific feedstock type, ranging from solid to slurry to liquid-based
materials. In addition, the desired feedstock properties for each technique differ slightly, depending on the
specifics of the AM process. For instance, the main feedstock properties analyzed for the binder jetting
process, which uses primarily powder feedstock, are powder flowability, particle size distribution, and tap
density of the material. On the contrary, stereolithography uses a feedstock of material dispersed in a
liquid photopolymer, so the desired properties are more related to the dispersibility and refractive index of
the feedstock material. Uranium-bearing feedstock requirements for AM processes are anticipated to be
generally similar to requirements for surrogate materials, except that providing the feedstock will require
special radiological facilities that include additional safety and security considerations. Use of certain AM
techniques may also pose a greater operational challenge for use with uranium due to either radiological
protection or material-at-risk considerations.

This report highlights the feedstock production capabilities at Oak Ridge National Laboratory (ORNL),
with the focus on production of feedstock to be used in AM of ceramic nuclear fuels in support of the
TCR program. The synthesis processes currently used for various fuel feedstock types (uranium dioxide,
uranium nitride, uranium carbide) are outlined and the materials fabricated using each process are
characterized. The purpose of this work is to demonstrate that ORNL is strategically equipped to produce
ceramic nuclear fuel feedstock for AM processes, and provide initial uranium feedstock materials for the
TCR program.



2. SOL-GEL FEEDSTOCK PRODUCTION

The solution-gelation (sol-gel) method of fuel production is a chemistry-based process of mixing liquids
that react with one another form gel-like spheres and upon further processing, they become a solid
product of fuel microspheres. The internal gelation technique, which is a variation of the sol-gel method,
was first used to produce nuclear fuel feedstock at the Keuring van Elektrotechnische Materialen te
Arnhem (KEMA) laboratory in the Netherlands and was therefore named the KEMA process [11]. ORNL
began using this process to make uranium-bearing microsphere feedstock in the 1970’s and has since
made significant advancements to the process to improve the feedstock properties; much of this work was
performed in support of the Advanced Gas Reactor (AGR) program [12, 13].

The specific steps used in ORNL’s internal gelation process at ORNL are outlined in the schematic in
Figure 1 and the setup is shown in Figure 2 [14]. A solution of acid-deficient uranyl nitrate is mixed with
hexamethylenetetramine-urea to form a broth that is fed into a chilled nozzle. Cold droplets are formed at
the nozzle and are released into a heated column of silicon oil, where gelation of uranium trioxide (UO3)
dihydrate occurs. The droplets are aged in the column for 20 minutes and are then washed and dried,
resulting in yellow-colored uranium trioxide (UO3-H,O) microspheres (Figure 3).

One important parameter of the internal gelation process is the method used to dispense the liquid into the
gelation column. This dispensation process will define the final geometry and size distribution of the
spheres, as well as the production rate. Traditionally, a vibrating spray nozzle was used to dispense the
microspheres [15], allowing for a more uniform size distribution. However, the spray nozzle has
limitations in terms of minimizing the sphere size. More recently, a two-fluid nozzle method was
established that uses static mixers and disperses the drops into a heated 2-ethyl-1-hexanol (2EH) solution.
The broth flow rate and the velocity of the 2EH around the nozzle have an inverse relationship with the
size of the resulting spheres [14]. Even though the method enables the production of smaller sphere sizes,
the resulting size distribution using the two-fluid nozzle is typically larger compared to that produced
using the vibrating nozzle. Regardless of the nozzle type used, a specific range of microsphere sizes can
be selected from the resulting batch by sieving or using a roller micrometer.

Hexamethylenetetramine (HMTA), Acid-deficient
urea uranyl nitrate (ADUN)
Chilled to 0°C

Drop formation

82°C insilicon oil

Aging (20 min)

Washing

|

Drying with heat o
lamp orin oven 80°C

!

UO;-H,0

Figure 1. The main steps of the sol-gel process [12].
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Figure 3. Air-dried yellow UO3-H:0 microspheres [12].

In terms of magnitude, the production capability for the vibrating nozzle and two-fluid nozzle sol-gel
processes are equivalent. While the current setup can produce a maximum of approximately 80g per batch
[14-16], outfitting the system to handle a higher batch size should be relatively straightforward and can
be accomplished by adapting components to handle more throughput. Additionally, while one gelation
line currently only handles 2-3 runs per day, the throughput can be scaled up using multiple lines.
Therefore, the method of internal gelation is considered well equipped for industrial-scale fuel
production.

One of the most beneficial aspects of the sol-gel process is that the microsphere chemical properties can
be tailored to enable fabrication of various fuel materials by altering the broth. Carbon is often added to
the broth, since it is required in carbothermic reduction processing of the microspheres during subsequent
conversion steps. The amount of carbon added to the broth is defined by the conversion process for which
the feedstock is made, which will be detailed further in the following sections of this report. The carbon is
mixed in the form of carbon black with Tamol SN dispersant at the desired molar ratio using an ultrasonic
probe. The spheres resulting from the internal gelation process are UO3 with carbon dispersed
homogenously (UOs+C) [17]. ORNL has successfully developed processes for converting these spheres
to uranium dioxide, uranium nitride, and uranium carbide, as discussed in the following sections.
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3. URANIUM DIOXIDE

UO:; can be converted directly to uranium dioxide in a process typically referred to as calcination. While
carbothermic reduction is an option for conversion, there is no need to add carbon to the microspheres,
since this reduction reaction will proceed in a reducing atmosphere [18]. Based on prior developmental
work at ORNL [19], the heating profile has been optimized to convert the UO; microspheres to UO»; a
typical temperature profile used for calcination is shown in Figure 4. The yellow-colored UO3 spheres are
placed in an alumina crucible and heated in a tube furnace to a temperature of at least 600°C, then they
are held for 5 hours in an atmosphere of argon-4% hydrogen. The reaction proceeds according to the
following equation:

UOs + Hy, » U0, + H,0 (1)

Two separate reduction steps that occur during the conversion. First UOs is reduced to U3Os, and then
U;0Ogs is reduced to UO; [20]. The microspheres reduce to approximately one-third of their original size,
so the sphere size is actually tailored in the gelation process depending on the desired UO; microsphere
size [14]. It has also been demonstrated that if dopants are added to the broth in the gelation process, then
they will survive calcination and will be distributed throughout the UO» microsphere matrix [21].

The resulting microspheres are porous UO», which have been characterized via microscopy and x-ray
diffraction (XRD). Figure 5 shows an optical image of a set of as-calcined microspheres in the size range
0f 200-240 pm in diameter. The XRD pattern of the material is also shown, illustrating that the peaks in
the calcined material match those for the UO; phase and do not match those of the precursor oxide
phases. These microspheres can be further sintered at increased temperatures (>600°C) to increase their
density, which may be necessary depending on the ultimate use of the feedstock.

49 >
700 Ar-4%H
Hold at 600°C
600
UO3—>U308 —>U02
500
%
' 400
2
s
2,300
5
™ 200
100
0
0 200 400 600 800 1000
Time [min]

Figure 4. Representative temperature profile for calcination of UO3 microspheres to UO; in a
reducing environment [19].
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Figure 5. XRD pattern (plot) of as-calcined 200-240pm UQ; microspheres showing the peak
locations for the precluding uranium oxide phases and optical image (upper right) of spheres.
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4. URANIUM MONOCARBIDE

UOs microspheres can be converted to uranium monocarbide (UC) by loading the initial broth with a
fixed amount of carbon and subsequently exposing the spheres to certain processing steps to enable
carbothermic reduction. The C/U ratio should be at least 3.5 to ensure direct carbothermic reduction of the

UOs microspheres before carbide conversion occurs; the first reduction step then proceeds according to
the following equation [22]:

UO; + 0.5C - UO, + 0.5C0, )

after which the reaction used for carbide conversion is as follows:
U0o, +3C - UC+2CO 3)

An example of the temperature profile used for the conversion is shown in Figure 6. The conversion
process starts with a transition of UO3+C to UO,+C, a reaction which is completed at around 650°C [23].
Afterwards, in the temperature range of 1300°C-1500°C, UO>+C converts to UC [24]. The byproduct
gases for the carbothermic reduction reactions are CO, and CO, so safety precautions must be taken to
monitor the downstream flow of gas for leaks.

The kinetics for the carbothermic reduction reactions during carbide conversion have shown to be faster
under vacuum than argon flow; this is likely due to the faster removal of the byproduct gases with
vacuum [24]. However, fast removal of gases and elevated temperature ramps have been found to cause
cracking in the spheres during conversion [22]. For this reason, ultra-high purity (UHP) argon flow is
used throughout the entire conversion process, and the temperature ramp rates are kept low. An additional
sintering step in the form of a 5-hour hold at 1700°C has been added to the run profile in Figure 6 in order
to further densify the spheres. UC microspheres resulting from these specific processing conditions are
shown in Figure 7, along with their resulting XRD pattern, which indicates full conversion to
monocarbide.

UHP Ar .

1800

1600 Calcination of
UO;+C to UO,+C

Sintering hold
1400

1200
Conversion
1000 of UO,+C to

uc
800

Temperature [° C]

600
400

200

0 200 400 600 800 1000 1200 1400 1600
Time [min]

Figure 6. Representative temperature profile for conversion of UO3+C to UC [22].
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Figure 7. XRD pattern (plot) and optical image (upper right) for 425pm uranium monocarbide
spheres that were fabricated using the temperature profile shown in Figure 6.

UC is a known pyrophoric material, because of its tendency to rapidly oxidize to U3Og at atmospheric
conditions [25,26]. The oxidation reaction rate substantially increases with an increase in temperature and
oxygen partial pressure, until an ignition point is reached [27]. The ignition temperature reported for UC
in literature ranges from 150°C for powder in air (20 kPa pO) to 217°C for 500 um microspheres in an
oxygen-rich atmosphere (30kPa pO,) [27,28]. Material feedstock properties, like whether the
monocarbide is in a sphere or powder form, also have an influence on pyrophoricity. Since so many
factors must be considered, pyrophoricity is a complicated property to analyze for susceptible materials.
These parameters must be considered when analyzing whether the feedstock can be used in certain
additive manufacturing techniques.
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5.  URANIUM MONONITRIDE

The conversion process from UO; to uranium mononitride (UN) is similar to that for conversion to
uranium monocarbide in that in requires an excess of carbon in the UO3 microspheres for carbothermic
reduction to occur. The C/U ratio, however, is optimized in order to minimize the excess amount of
carbon remaining in the spheres after the carbothermic reduction is complete. The UOs spheres are first
calcined according to Eq. (2), and then are reacted with nitrogen according to the following simplified
equation:

U0, + 2C + 0.5N, — UN + 2C0 @)

Typical impurities in the resulting nitride are carbon and oxygen. It was found that in order to minimize
the oxygen impurities in the product, an excess of carbon was needed in the reactant [29]. A significant
amount of work has been done at ORNL to optimize uranium nitride kernel properties in relation to their
use as the fuel kernel in tristructural-isotropic (TRISO) particle fuel [30]. To minimize oxygen impurities
in the TRISO nitride kernels, the C/U ratio typically used in the sol-gel broth is 2.65. In addition, a kernel
size of approximately 800 um in diameter has been primarily fabricated by using a roller micrometer on
the microspheres after conversion. Additional routes of conversion have been used at ORNL to form very
high purity nitride for other purposes [31].

The typical temperature profile that is used for converting the carbon-containing UO; spheres to uranium
nitride is shown in Figure 8, and is very similar to the temperature profile used for UC conversion [30].
The major difference is that at 1900°C, the gas is switched to nitrogen in order to perform a nitriding step,
ultimately forming UCN as a product. The amount of carbon is analyzed by defining the lattice
parameter expansion via the XRD pattern and applying Vegard’s law [32]. Figure 9 shows an XRD
pattern for a batch of converted uranium nitride kernels. The refined lattice parameter was analyzed from
the pattern to be 4.9082+0.0001A, meaning that this material has the composition of UCo2Nos. The
carbon content in the product can be further reduced by flowing N»-4%H. or by using alternate methods
of conversion [31,33].

2000  calcination Il with a UHP Ar; UHP N, UHP N, UHP Ar
temperature ramp of 1°C/min Nitridi h
1800 max produces the 20% UO, 80% X itriding step with an
UC precursor isothermal hold at
1900°C to yield final

1600 product UCN, ,
o 1400
"k) Cool down at
O 1200 20°C/min max
—
5
5 1000
]
o 800
£
)
= 600

400 Calcination | with a temperature
ramp of 3°C/min max produces
200 U0, +2.15C
0
0 5 10 15 20 25 30

time (h)

Figure 8. Temperature profile and corresponding conversion steps during synthesis of UN [30].
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Figure 9. XRD pattern (plot) of ~810 pm UN kernels, showing the silicon standard peaks used for
lattice parameter analysis and optical image (upper right) of the microspheres.

The density of the kernels can be further increased by using a hot-isostatic press (HIP) processing step.
While the density values for as-converted UN microspheres are typically 86—88%TD [34], the density can
be increased to values up to 97%TD using the HIP process [34,35]. Figure 10 shows a scanning electron
microscope (SEM) image of the surface and microstructure for an 800 pm HIPed UN kernel. Similar to
the dopants added to UO», it has been shown that gadolinium can be homogenously added to UN
microspheres via addition to the broth in the sol-gel process, further highlighting the capability of tailored
feedstock production [36].

Figure 10. SEM image of the urfae (let) and cross-section (riht) for a HIPed uranium nitride
kernel.
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6. CONCLUSION

The nuclear material production requirements of the TCR program can be met using existing resources at
ORNL. The presently selected nuclear feedstock materials, UO», UC, and UN, have each been prepared at
ORNL using reference methods as demonstrated in this report. These are only the primary materials
currently fabricated and the opportunity for conversion of additional materials certainly exists. Each
feedstock material is initially fabricated into microspheres via internal gelation and then converted to its
final form using defined temperature and/or atmospheric conditions. Scaling the internal gelation and the
conversion processes to industrial production levels is straightforward, only requiring additional lines of
sol-gel processing and larger furnaces for conversion.

The resulting microspheres can be used as feedstock in AM processes, either directly in their microsphere
form or converted into a secondary form, such as a slurry or liquid. Feedstock properties can also be
tailored depending on the requirements of the AM process, examples include increasing the density or
isolating specific sphere sizes. Another benefit of the sol-gel processing route is the ability to add dopants
to the feedstock, which results in a homogenous distribution of a secondary phase within the fuel. If
dopants are required or if they aid in the function of a specific AM process, this could be an additional
processing advantage.

The existing feedstock production capabilities open up a range of opportunities for AM of ceramic
nuclear fuels at ORNL. Feedstock fabricated using the routes described in this report will be used to
supply research efforts into multiple AM techniques in support of the TCR program. Ultimately, one
these methods of fabrication will be selected and used for production of fuel feedstock for the TCR. The
present materials were prepared using depleted or natural uranium to facilitate exploratory development
activities. However, the laboratories used for this work are authorized for enriched uranium and are
actively utilized for this purpose to fabricate fuel test articles for irradiation. If desired, the techniques
demonstrated in this document can be readily used for enriched material production to support the TCR
program.
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